Arsenic (As) is a naturally occurring toxic substance associated with adverse health effects, including mutagenicity and carcinogenity. 1 Contamination of groundwater by arsenic has been reported in more than 20 countries 2 with a recommended 10 ppb upper limit for drinking water set by the World Health Organization (WHO). 3 Arsenite (As (III)) is considered the most toxic form in natural water, while Arsenate (As (V)) is 50 times less poisonous and generally the most stable in oxidising conditions. [4] [5] [6] [7] Anthropogenic emissions of arsenic from industrial effluents, combustion of fossil fuels, or mining of As containing ores are a significant source, as are natural origins such as As bearing minerals. 8, 9 A variety of conventional laboratory analytical techniques are available for arsenic detection including atomic absorption/fluorescence spectrometry, surface enhanced Raman scattering (SERS), high performance liquid/gas chromatography and inductively coupled plasma mass spectrometry (ICPMS). 10 However, there remains a need for detection methods that are economically competitive, due to prevalent As in remote regions of the developing world, and such methods must be accurate and convenient for technicians to conduct on-site analysis. Electrochemical methods are useful to this end, 11 and a large range of materials have been developed for electrochemical detection of arsenic. Gold-based materials have been studied extensively for electrochemical detection of Arsenic (As), with the technique of Anodic Stripping Voltammetry (ASV) offering excellent sensitivity and limit of detection.
12 Nanostructured Au electrodes have been shown to have a lower limit of detection (LOD) and higher sensitivity than conventional gold electrodes due to their increased surface area.
It is well established that morphology and surface crystallographic orientation also has a significant effect on the electrochemical behavior of gold electrodes, especially for applications in catalysis. For example, oxidation of methanol on gold electrodes has been studied on Au (111), Au (100) and Au (110), concluding that the Au (110) orientation and Au (111) orientation favor electro-oxidation of methanol in alkaline media. 13 Another example is the numerous studies on the oxygen reduction reaction (ORR) on gold single crystals and gold modified electrodes, showing Au (100) is more active than Au (110), * Electrochemical Society Member.
z E-mail: lathe.jones@rmit.edu.au and Au (111) is the least active in alkaline electrolyte. [14] [15] [16] These are important electrocatalytic reactions that are intensely studied, but there has been less emphasis on the effect of morphology on stripping analysis, despite nanoparticles and nanostructures being commonly used to increase sensitivity. Systematic characterization of the nanomaterials used, and the effects of morphological variations are quite rare for such electroanalytical studies. For stripping methods, such as adsorptive stripping voltammetry of As (III), where As (III) is adsorbed and then reduced to As (0) on the electrode surface before anodic stripping, one may expect that the electrochemical behavior is intimately linked to the interaction of the As with the Au surface. This should vary for the different facets derived from crystal planes in the Au face centered cubic (fcc) crystal structure, or the morphology of the surface.
Single crystal surfaces usually reveal fundamental aspects of facetdependent behavior, but are not practical in real world sensors. Previously, it has been shown that an Au (111)-like electrode, fabricated from polycrystalline gold with a self-assembled monolayer (SAM) of n-butanethiol (n-BT) that selectively blocks the (110) and (100) Au facets, shows an improved selectivity for As (III) in the presence of Cu (II) compared to polycrystalline Au electrodes, 17 indicating that surface crystallography of low index facets affects sensitivity. Recent studies on Au nanoparticles in H 2 SO 4 solution gave further evidence that the Au (111) facet displays enhanced sensitivity, with different facet sensitivity ascribed to the deposition process during pre-concentration and the binding energy of the As on the surface of Au. 18 We are thus interested in making physically and chemically stable electrochemical sensors with well-controlled surface morphology, and comparing the performance of such surfaces under the same conditions to model nanoparticles. A variety of chemical techniques have been developed to fabricate Au nanostructures with controlled shapes such as flower-like particles, [19] [20] [21] [22] textile-like sheet arrays, 23 nanowires, 24 nanobelts and nanocombs, 25 nanoplates, 26 polyhedral, 27 hexagram shaped 28 and dendrites. [29] [30] [31] Electrodeposition is the most efficient technique for directly producing nanostructured surfaces onto conducting substrates that can be directly used as the sensor. Compared with AuNPs prepared by complex wet-chemical methods, which tend to aggregate due to high surface energy, and may show decreased activity due to the use of capping agents, directly electrodeposited gold structures may have cleaner surfaces, and more easily fabricated via a rapid and simple one-step electrodeposition procedure. Gold spikes have been developed by our group, exhibiting promising electrocatalytic and SERS properties. 32, 33 The controlled growth of spike-like Au structures using Pb 2+ as a shape directing agent allows preferential growth in the <111> direction due to the preference of Pb 2+ for the (110) and (100) facets. Organic shape directing agents have also been used to electrodeposit dendritic structures, with hierarchal dendrites being formed as the electrodeposition progresses in time. 34 In this paper, Au spikes with three different morphologies were obtained by undertaking electrodeposition for three different time periods. The electroanalytical performances of these three gold morphologies confirm that As (III) detection via ASV on Au is highly structure sensitive, and that conditions for electrodeposition need to be closely controlled when preparing surfaces for analysis. To confirm the relationship between Au surface structure and As (III) analysis, gold nanoparticles with controlled shapes, being octahedral (AuNP OCT ), cubic (AuNP CUB ), and rhombic dodecahedral (AuNP RD ) bounded predominately by (111), (100) and (110) respectively, were synthesized and tested under the same conditions as the electrodeposited Au spikes. Finally, gold dendrites electrodeposited for three time periods in the presence of cysteine were tested in order to contrast the use of an inorganic or organic shape directing agent.
In this way we have increased our practical understanding of the factors that need to be controlled when designing Au nanostructured electrodes to maximize the sensitivity, and improve the LOD of As (III) electroanalysis in aqueous solution.
Experimental
Materials.-Pb(CH 3 COO) 2 · 3H 2 O (99%), Gold (III) chloride trihydrate (HAuCl 4 · 3H 2 O, 99.9%), cetyltrimethylammonium bromide (CTAB, 99%), L-ascorbic acid (99%), sodium borohydride (NaBH 4 , 99%), cetyltrimethylammonium chloride (CTAC, 25 wt% in H 2 O,), sodium bromide (NaBr, 99%), lead nitrate (99%), nafion perfluorinated resin solution (5 wt%), L-Cysteine and As 2 O 3 (99%) were all obtained from Sigma Aldrich and used as received. All the solutions were prepared with Milli-Q (18 M cm −1 ) deionized water. As (III) stock solution was prepared by dissolving As 2 O 3 in concentrated NaOH, and the pH was adjusted to 3.0 with concentrated HNO 3 and then diluted with Milli-Q water. Solutions of other concentrations were prepared from this stock solution. Caution: Care should be taken when handling and disposing of As (III) solutions due to their toxicity.
Preparation of Au spikes, Au nanoparticles and Au dendrites.-Gold spikes were electrodeposited on a 150 nm thick gold polycrystalline substrate (prepared by E-beam evaporation onto a Si base with a 10 nm Ti intermediate layer) from a solution containing 20.7 mM HAuCl 4 and 1 mM Pb(CH 3 COO) 2 . 35 The E-beam evaporated Au film was rinsed in acetone, ethanol and Milli-Q deionized water to remove possible contaminants, followed by drying in a stream of nitrogen gas prior to use. An inert graphite rod (6 mm diameter, Johnson Matthey Ultra "F" purity grade) was used as the counter electrode with a Ag/AgCl (3 M NaCl, 0.210 V vs SHE) reference electrode, and all potentials in this paper are referred directly to this reference electrode. Electrodeposition was undertaken at a constant potential of 0.05 V for 720s, 1200s and 1800s, to generate the three Au spike morphologies. All solutions were degassed with a N 2 stream for 10 min prior to each deposition, and a continuous N 2 flow was maintained over the solution headspace during the electrodeposition process.
Au octahedral (AuNP OCT ) nanoparticles were prepared via a published method. 36 In summary, a 20 mL solution of 0.125 mM HAuCl 4 and 0.01 M cetyltrimethylammonium bromide (CTAB) was prepared first. Thereafter a 100 μL solution of 0.1 M L-ascorbic acid was added to the 20 mL solution. Finally, 100 μL solution of 0.1 M NaOH was quickly added. The color of the solution changed to purple-red within 20 minutes, indicating the formation of Au octahedral nanoparticles. The mixture was centrifuged at 7000 rpm for 20 min and the solid was rinsed with Milli-Q water 3 times to remove the excess reactants.
Au cubic nanoparticles (AuNP CUB ) were prepared by a seedmediated approach. 37 A 10 mL aqueous seed solution was prepared by the reduction of 0.25 mM HAuCl 4 by ice-cold NaBH 4 (0.6 mM) in the presence of 0.075 M cetyltrimethylammonium bromide (CTAB). The seed solution was used 2 h after its preparation. In the growth solution, 0.2 mM HAuCl 4 was reduced by 0.009 M L-ascorbic acid in the presence of 0.016 M CTAB, followed by the addition of gold seed solution (1.25 × 10 −8 M). The solution was gently shaken after the addition of every component and was left to sit for 8 hours. Thereafter the solution containing cubic Au nanoparticles was centrifuged at 5000 rpm for 10 min and rinsed with Milli-Q water 3 times.
Rhombic dodecahedra Au nanoparticles (AuNP RD ) were prepared following a two-step procedure. 38 For gold seeds, a 10 mL solution of 0.25 mM HAuCl 4 Au dendrites were electrodeposited on glassy carbon (GC) electrode following a published procedure. 34 Briefly, a GC electrode was firstly polished on a polishing cloth with 0.05 μm alumina slurry, followed by ultrasonication in ethanol and water for 10 min in sequence. Au dendrites were electrodeposited at −0.8 V for 1000 s, 2000 s and 3000 s respectively in the presence of 1 mM HAuCl 4 + 0.1 mM cysteine in 0.5 M H 2 SO 4 . The as-prepared Au dendrites were pre-treated at −1.3 V for 120 s in 0.5 M HNO 3 to remove cysteine adsorbed on all facets before being used for analysis of As (III).
Electrochemical characterization.-Au nanoparticles were studied on modified glassy carbon (GC) electrodes, with a GC geometric area of 0.2376 cm 2 , which was polished with 0.05 μm alumina slurry followed by sonication in ethanol and Milli-Q water for 10 min, respectively. The GC electrodes were then treated with a 10 μL aliquot of the Au nanoparticle solution that was directly dropped onto the surface. Au nanoparticle/GC electrodes were left to dry naturally and then covered by 10 μL of 0.5 wt% nafion solution to increase the stability of Au nanoparticles on the surface.
Electrochemical analysis was undertaken using a CH Instruments (CHI 760C) electrochemical analyzer with a standard three-electrode system. Working electrodes were either the gold spike electrodes or Au dendrite electrodes (used directly) or Au nanoparticle (AuNP) modified GC electrodes. A platinum wire and an Ag/AgCl (3 M NaCl) electrode were used as the auxiliary electrode and reference electrode, respectively.
Cyclic voltammetry (CV) was conducted for lead underpotential deposition (UPD) to probe the exposed low index surface facets of the Au working electrodes from −0.2 V to −0.7 V in 1 mM Pb(NO) 3 +0.1 M NaOH at 50 mV s −1 . Prior to lead UPD characterization, cyclic voltammetry was conducted from −0.75 V to 0.9 V at 50 mV s −1 to clean the electrode by PbO 2 deposition and stripping. 39, 40 Square Wave Adsorptive Stripping Voltammetry (SWASV) was utilized for As (III) detection. For Au spike or dendrite electrodes, As (0) was pre-deposited at a potential of −0.35 V for 300 s or 100 s, followed by As stripping between −0.35 V and 0. surface, which was determined by voltametric analysis in acid, assuming a charge density of 400 μC cm −2 . [41] [42] [43] The limit of detection (LOD) was estimated by standard deviation multiplied by 3 divided, by the sensitivity, utilising the standard deviation of the blank solution under identical conditions for analysis. 44, 45 Instrumentation.-Scanning electron microscopy (SEM) was performed on a FEI Verios 460L SEM with a working distance of 4 mm and a voltage of 1 kV. Electron backscattered diffraction (EBSD) patterns were recorded under an accelerating voltage of 15 KV on an FEI Nova SEM instrument using an Oxford NordlysMax 2 EBSD Detector with Oxford Instruments Aztec software. The orientation of each individual grain and the overall inverse pole figures were obtained using an HKL Channel 5 EBSD system. Prior to SEM imaging and EBSD analysis, samples were thoroughly rinsed with Milli-Q water and dried under a flow of nitrogen. Transmission electron microscopy (TEM) and selected-area electron diffraction (SAED) measurements were performed on a JEOL 1010 TEM at 100 kV accelerating voltage. Grazing incidence small angle X-ray diffraction (GID) patterns were obtained with a Bruker AXS D8 Discover with General Area Detector Diffraction System (GADDS) using Cu Kα radiation (λ = 1.5406 Å) and a ω of 1 degree.
Results and Discussion
Growth directing agents such as Pb 2+ tend to lead to a predominate crystallographic growth direction during electrodeposition. In this study we varied deposition time to create a series of structures for As (III) sensing. Typical SEM images of the Au spikes electrodeposited for three different times are shown in Figures 1a-1f , where visual variations in morphology are observed for these three deposition times. The three Au spike morphologies all have an extremely uniform coverage, with outward growth of spike-shaped gold from the substrate. The spikes deposited for 720 s (Figures 1a, 1b) are up to 500 nm long with 50 nm diameter bases and well-defined tips that taper to approximately 10 nm diameter. When the deposition time increased to 1200 s, the lengths of spikes are increased to ∼1 μm, with a thicker core structure and some "barbed" morphology, as shown in Figures 1c and 1d. Figures 1e and 1f show thicker gold spikes with longer tips of 2-3 μm, as well as the appearance of more barbs along the backbone of gold spikes when the deposition time is increased to 1800 s. We do not see hierarchical dendritic branching as observed in growth directed by organic agents for Au dendrites under similar conditions, 34 but rather a thicker spike with a barbed structure as more Au is deposited on the surface. Cyclic voltammetric curves were first recorded in 0.5 M H 2 SO 4 to probe the surface of the electrodeposited Au spikes. The corresponding profiles are shown in Figure S1 (
Analysis of As (III) on the Au spikes was carried out via Square Wave Anodic Stripping Voltammetry (SWASV) in 0.5 M HNO 3 . SWASV responses of the three gold spike electrodes with different concentrations of As (III) are shown in Figures 2a-2c . The corresponding calibration plots from 7-40 ppb for As (III) are plotted in Figure 2d , indicating good linearity for all three gold spikes in this concentration range. The calibration plots clearly show, when corrected for surface area, that gold spikes with a deposition time of 720 s display the best sensitivity, with the highest slope, while the 1800 s gold spikes obtained the lowest sensitivity of the three gold spike morphologies. A further increase of As (III) concentration leads to an increase in peak currents for all three gold spikes and the corresponding calibration curves in the broader concentration range are shown in Figure S2 (see Supporting Information). It is observed that all gold spikes eventually show a leveled-off calibration curve with the increase of As (III) concentrations, due to the saturation of the gold surface. The linearity range increases from 720 s gold spikes to 1800 s gold spikes, due to the increase of surface area, however this could be circumvented by using a shorter pre-concentration time for the 720s spikes, as the sensitivity is clearly superior. The LOD of the three gold spikes were 0.42, 2.64, and 5.64 ppb for 720s, 1200s and 1800s gold spikes, respectively. The sensitivity and limit of detection (LOD) of the gold spike electrodes for As (III) determination are stated in Table  I . It indicates that the Au spikes deposited for 720 s have the highest sensitivity of 0.15 μA cm −2 ppb −1 and the lowest Limit of detection (LOD) of 0.42 ppb under these conditions. Detailed characterization of the gold spikes was performed to understand the differences in their structures and surface crystallography. Due to the presence of a gold film beneath the gold spikes, conventional X-Ray diffraction (XRD) showed interference from the substrate. Grazing incidence small angle X-ray diffraction (GID) is much more surface sensitive and was thus utilized in this case. Unsurprisingly, five XRD diffraction peaks, indexed to the (111), (200), (220), (311), and (222) reflections of face-centered cubic (fcc) gold were observed for each of the gold spike morphologies, confirming a high quality Au crystalline structure. The GID patterns recorded in Figure S3a (see Supporting Information) confirm that the interference of gold substrate can be ignored due to the low intensities of Au (111) and Au (200) in the blank. The ratio of the intensities of the (111) reflections relative to (200) (I 111 /I 200 ) was 1.30 for the 720 s spikes, indicating crystallites in this structure are significantly elongated in the <111> direction due to directed growth induced by the Pb 2+ in solution, which is less strongly adsorbed on to the (111) facet. As the deposition time increases, the ratio (I (111) )/(I (200) ) decreases to 1.22 (1200 s) and 1.16 (1800 s). The ratios of the diffraction peaks are presented in Table S1 . This result suggests that as the growth proceeds and barbed morphologies appear on the surface of the thickening spike, Pb 2+ in solution loses its effectiveness as a growth directing agent, and the increase in thickness of the spikes is not a result of anisotropic growth. This allows us to generate stable structures that vary in their proportion of bulk (111) in the spikes. This decrease of (111) intensity in diffraction patterns from 720s to the longer deposition times leads to the 1800s spikes being quite similar to electrodeposition of a polycrystalline material without a growth directing agent.
To further understand the crystalline structures of the gold spikes, EBSD was undertaken on a polished cross section of Au spikes. Inverse pole diagrams in Figure S3b (see Supporting Information) show that orientations in 720 s gold spikes mostly concentrate on the (111) corner while increasing deposition time to 1200 s and 1800 s ( Figure  S3c ,d in Supporting Information) leads to dispersions to all facets. It further confirms that gold spikes progress from a predominately (111) orientation at 720 s to a mixed orientation at 1200 and 1800 s. Similar results have been seen for electrodeposition of nanoparticles, with shorter electrodeposition times leading to materials rich in Au (111) domains, while longer electrodeposition times result in polycrystalline orientations. 47 In this case as growth proceeds and surface area increases, the shape directing effect of the Pb 2+ is less effective, and polycrystalline growth is responsible for the thickening of the spikes.
As the stripping behavior of As (III) on gold is a surface based phenomenon, it is necessary to directly confirm which surface facets are exposed to solution. Pb UPD is an effective technique to probe the surface crystallographic structures of gold materials and has been extensively studied on polycrystalline and single crystalline gold materials. [48] [49] [50] Since the lead UPD process is stucture sensitive, the potentials of the lead deposition and stripping peaks are used to assist with identification of the relative energy of facets on the surface of the gold spikes in contact with solution. 40, 51 Figure S4 (see Supporting Information) depicts the cyclic voltammograms of the gold spikes in an alkaline solution of lead (II) nitrate with a broad potential window. A broad anodic peak from 0.1 V due to the deposition of a monolayer of PbO 2 was observed, followed by another anodic feature between 0.6 V and 0.9 V, which arises from the formation of a multilayer of PbO 2 . 39, 52 The PbO 2 film is stripped away on the reverse scan, showing a cathodic peak at 0.1 V. The anodic and cathodic features in the range of −0.2 V to −0.7 V correspond to the lead UPD region. Figure  3 reveals the anodic stripping curves of the lead UPD region for the three gold spike morphologies. The gold spikes in this paper contain not only lower index facets but higher index facets along with terraces, steps and kinks, and are far more complicated than ideal single crystalline gold structures. Simply ascribing the three main anodic features at about −0.523 V, −0.476 V and −0.378 V to Au (111), Au (100) and Au (110) crystal surfaces, respectively, 39 is thus not possible. The Pb stripping does confirm that the surface is polycrystalline, as exposure of one facet would only be possible with a single crystal or high quality nanoparticle. In fact, all anodic peaks can be deconvoluted into smaller peaks. For example, the anodic stripping feature at about −0.523 V for the 720 s spikes shows similar splitting peaks to literature reports in the (111) region. 53, 54 It is assumed that these peaks are the combinations of several smaller peaks resulting from some other higher index facets on the polycrystalline surface, 55 though the peak height at −0.523 V can considered as a resonable estimation for Au (111) and the highest current density value at −0.523 V ascertains the highest ratio of Au (111) facets in 720 s spikes. Furthermore, the most positive anodic peaks at about −0.378 is due to the overlapping of several peaks, which result from the large variety both/either the monoatomic steps of (111) faces and/or terraces, steps and kinks of other faces. 55 An interesting feature is the anodic shift in the peak at approximately −0.52 V at higher deposition time. The positive shift of this anodic feature for 1200 s and 1800 s spikes is marked as a vertical line in Figure 3 . This may be interpreted as the generation of smaller Au (111) terraces as the spikes are deposited at longer times and the growth directing ability of the Pb 2+ is lost. The superior sensitivity, as observed visually on the calibration curve for the 720 s spikes with a higher slope, and lower LoD than the spikes electrodeposited for longer times, are thus possibly due the 720s surface having larger Au (111) terraces. This is revealed by the lower energy stripping of Pb 2+ in the upd region, with fewer kinks and steps generated on the surface at the shorter deposition time.
To further investigate the relationship between Au facets and As (III) sensing under the same conditions as the Au spikes, three different shapes of nanoparticles were synthesized: octahedral (AuNP OCT ), cubic (AuNP CUB ) and rhombic dodecahedral (AuNP RD ) nanoparticles bounded predominately by Au (111), Au (100) and Au (110) facets respectively, which allow a relatively precise surface facet control during SWASV analysis of As (III). Figures 4a and 4b show SEM and TEM images of orderly distributed AuNP OCT , with an edge length of ∼27 nm. Larger scale SEM images in Figure S5a (see Supporting Information) indicates these gold nanoparticles display good monodispersion. The SAED pattern in Figure S5b (see Supporting Information) shows the AuNP OCT are single crystals bounded by (111) facets. SEM and TEM images of cubic gold nanoparticles are shown in Figures 4d, 4e , which indicate a high-yield synthesis of monodispersed cubic gold nanoparticles of an edge length of ∼77 nm, with some truncation on the edges and sides. The corresponding SAED pattern of a single cubic gold nanoparticle is shown in Figure s5d , suggesting the AuNP CUB is a single crystal bounded by (100) facets. Figures 4g, 4h show the SEM and TEM images of randomly distributed RD nanoparticles with an edge length of ∼75 nm. Corresponding SAED pattern ( Figure S5f in Supporting Information) further confirms the RD shapes bounded by 12 equivalent rhombic faces.
The cyclic voltammograms of modified GC electrodes of the gold nanoparticles are shown in Figure S6 (see Supporting Information) in 0.5 M H 2 SO 4 , and were used to determine the electrochemically active surface area (ECSA) for the modified electrodes. To estimate the effect of structure of the gold nanoparticles on the sensitivity for As (III) detection, calibration curves at a range of As (III) concentrations were taken. Figures 5a-5c show the SWASV curves for AuNP OCT , AuNP RD and AuNP CUB modified GC electrodes after preconcentration of As (0) for 100 s at −0.35 V. On the anodic scans, intense peaks (stripping currents) corresponding to the reoxidation of As (0) to the parent As (III) were observed for all nanoparticle shapes. Figure 5d shows the corresponding calibration plots for the AuNP modified GC electrodes within the upper end of their linear range. All AuNPs calibration curves show 2 different regimes, a linear region, and a levelled-off region at higher concentrations of As (III) due to saturation effects. This saturation occurs when the gold surface starts to become almost completely covered by the As(0) deposited during the pre-concentration step. The results indicate that the AuNP OCT modified electrode obtains the highest sensitivity of 0.53 μA cm ppb −1 and AuNP RD show a sensitivity of 0.25 μA cm −2 ppb −1 . The LODs (S/N = 3) for octahedral, RD and cubic gold nanoparticles are calculated to be 0.28 ppb, 1.33 ppb and 4.14 ppb, respectively. In this case, the AuNP OCT modified electrode, when treated to the same deposition and stripping procedure at zero or very low As (III) concentration, has a cleaner background, with better discrimination of the stripping current, and responds with a higher slope to additions of As (III) on the calibration curve for the stripping current. We can conclude the performance for As (III) by SWASV in HNO 3 of nanogold materials in this order: AuNP OCT > AuNP RD > AuNP CUB , confirming Au (111) facet is more favorable than Au (110) and Au (100) for As (III) detection. Table I indicates the predominate surface facets, but also the secondary facets expected due to the truncated edges of the nanoparticles that were synthesized in practice, conceding that the nanoparticle shapes are not perfect.
Additional preconditioning times for As (III) reduction at −0.35 V were also undertaken. For example, As (III) was deposited at −0.35 V for 60 s (shorter than the 100 s) and also 150 s (longer time), and the results are shown in Figure S7 and S8, respectively (see Supporting Information). The calibration plots for the shorter preconditioning time clearly indicates the AuNP OCT modified GC electrode still has the highest sensitivity toward arsenic detection while AuNP CUB has the lowest sensitivity. For a higher As pre-concentration time of 150 s there is an enhancement in current density of the stripping peak at the same concentration of As (III) compared with the shorter predeposition time, due to the higher amount of As (0) deposited onto the gold surface. In addition, the same trend is observed for the relative sensitivity of the three AuNP modified electrodes. A calibration curve for the AuNP electrodes at lower concentration (up to 130 ppb) is included in figure S12 (supporting information) , showing linearity at lower concentration, and allowing direct comparison with the Au nanospike calibration curves.
For comparison with the Au spikes and nanoparticles, gold dendrites were prepared with the organic directing agent cysteine, since it has been reported that the presence of cysteine induces anisotropic growth during electrodeposition. 34 It is well-known that the SH group of cysteine can adsorb on Au surfaces through strong Au-S bonds, which forms an insulating layer inhibiting the deposition and growth of Au. Figure S9 in the Supporting Information shows the adsorbed thiols can be desorbed through electrochemical reactions at a potential which depends on the crystallographic domains of the Au surface. Thus, the applied potential at −0.8 V used for electrodeposition enables cysteine removed from Au (111) domains selectively over Au (100) and Au (110) domains. In this way, <111> is the predominant growth direction during electrodeposition at all time periods. Figure 6 displays SEM images of Au dendrites electrodeposited for 3 different times. On each surface, very similar hierarchical dendritic branching structures were observed. Figure S10 shows the enhanced gold electrochemical surface area with deposition time. Figure  7 shows the electroanalytical activity of the three gold dendrite surfaces for As (III) analysis. In contrast to the gold spikes electrodes, all three gold dendrites electrodes show comparable sensitivity after normalization to the ECSA, as shown in Figure 7d , indicating that the longer deposition time does not affect As (III) analysis. Lead UPD curves are shown in Figure S11 confirm the polycrystalline feature of all gold dendrites, and give intensities and stripping potentials without significant shifts in the general Au (111) region after normalizing to the ECSA, confirming a similar surface crystallography at the different deposition times. This explains the comparable sensitivity of the three gold dendrite surfaces, with hierarchical dendritic branching allowing the organic additive to maintain its shape directing behavior, and maintain sensitivity for Arsenic analysis.
Conclusions
Through a careful study of As (III) analysis on three Au spike morphologies with variable morphology, Au dendrites, and three AuNP shapes that represent the 3 low index planes of Au, we have validated that the Au (111) facet, or bulk surfaces with effective growth directed deposition gives the best sensitivity for analysis of As (III) by SWASV, which is the most commonly used electroanalytical technique for As (III) analysis. The main factor is the superior slope of the calibration curve for the Au (111) facet, which displays a cleaner stripping peak for the multi-electron oxidation of As (0) to As (III). The trend in sensitivity is clear, and Au (111)-rich surfaces also have better limit of detection (LOD) based on the background current, which is another indication of better performance of the Au (111) facet in the potential range studied in acidic HNO 3 solution. It should be noted that in this paper we were most interested in the relative performance of the surfaces under study, and constant conditions were more important than maximising the sensitivity, which could have been done with longer deposition times at low As (III) concentrations to more accurately determine the practical LOD. There are many reviews that compare the sensitivity of surfaces for electrochemical determination of As(III), 12, 57 and although direct comparisons of sensitivities are difficult due to different conditions used papers, the work presented here sheds further light on the reasons for differences amongst Au based surfaces. The precise reason for the improved sensitivity is difficult to determine, and may require further mechanistic studies, however there are some clues from previous studies. The behavior of the (111) facet has been considered theoretically for catalytic processes, and observed in some previous studies on bare nanoparticles. Among the low index planes, the relative surface energies for a face-centered cubic lattice increase in the order γ111 < γ100 < γ110 due to variations in coordination and the density of surface atoms. 56 Studies on the catalytic activity of Au nanomaterials with controlled morphology are a useful comparison, and catalytic studies of 4-nitroaniline reduction on the same suite of nanoparticles we have used here showed that the catalytic activity for the reduction follows the order (110)> (100)> (111), 57 which has been compared to As (III) analysis on AuNPs. 18 What we have confirmed in this paper is that Au (111) rich surfaces, either with Nafion stabilized coated nanoparticles, or controlled spike or dendritic morphologies with larger (111) terraces, give the best sensitivity for electrochemical As (III) detection. The nanoparticle modified electrodes gave the best sensitivity overall, but may not be as practical as the directly electrodeposited surfaces. Further development of sensors for As (III) that are based upon Au should thus be fabricated in a way that maximizes the proportion of (111) facets on the surface, and when deposition of Au structures is used to prepare an electrode, the important parameter of deposition time must be controlled and adjusted, taking into account the additive used. Analysis at relatively low As (III) concentrations, taking into account that the World Health Organization (WHO) specifies 10 ppb as the maximum amount of As (III) in drinking water, will be more stable and precise on Au (111) surfaces, or surfaces deposited with effective growth directing agents, which will perform better than general polycrystalline Au materials.
